Abstract The impressive number of stream gauges in Chile, combined with a suite of past and recent large earthquakes, makes Chile a unique natural laboratory to study several streams that recorded responses to multiple seismic events. We document changes in discharge in eight streams in Chile following two or more large earthquakes. In all cases, discharge increases. Changes in discharge occur for peak ground velocities greater than about 7-11 cm/s. Above that threshold, the magnitude of both the increase in discharge and the total excess water do not increase with increasing peak ground velocities. While these observations are consistent with previous work in California, they conflict with lab experiments that show that the magnitude of permeability changes increases with increasing amplitude of ground motion. Instead, our study suggests that streamflow responses are binary.
Introduction
Following earthquakes, it has long been noted that the amount of water discharged at Earth's surface can increase (e.g., Pliny, the Elder, ca AD 77-79). The magnitude can be substantial, >1 km 3 of excess water in streams (Mohr et al., 2017) , and elevated discharge can persist for months (e.g., Liu et al., 2017; Muir-Wood & King, 1993; Rojstaczer et al., 1995) . Even dry streams may begin to flow or streams or ponds may disappear (Curci & Tertulliani, 2015) . Further, earthquakes may alter the hydrochemical properties of ground-and stream water, which in turn may affect aquatic biota (Galassi et al., 2014) , as well as modify the water available for plants (Mohr et al., 2015) .
The mechanisms responsible for increased stream discharge are uncertain. Proposed hypotheses can be grouped into five categories: (1) squeezing water out of aquifers from coseismic contraction (e.g., Muir-Wood & King, 1993) , (2) breaking subsurface hydraulic barriers to allow new fluids to reach the surface (e.g., , (3) consolidating surface materials (e.g., , (4) mobilizing water trapped in the unsaturated zone by ground shaking (Mohr et al., 2015) , and (5) increasing permeability (e.g., Briggs, 1991; Rojstaczer & Wolf, 1992; Sato et al., 2000; Tokunaga, 1999; . In recent years, attempts to test hypotheses have generally favored changes in permeability dominating the response (e.g., Ishitsuka et al., 2017; Mohr et al., 2017; Petitta et al., 2017; .
One limitation of most studies in testing hypotheses is that observations are limited to documenting how one or more streams respond to a single earthquake. Documenting responses to multiple earthquakes has proven useful in showing that at least some springs (Manga & Rowland, 2009 ) and streams do not respond to coseismic volumetric strains. Instead, dynamic strains from seismic waves must be responsible for changes in discharge. This is consistent with peak ground velocity (PGV) being the best predictor of whether streams respond to earthquakes (Mohr et al., 2017 is binary-changes occur if ground motion is large enough, but the magnitude of response is independent of the ground motion beyond some threshold. Distinguishing between these two cases, a scaled or binary response, may help evaluate proposed hypotheses.
Here we take advantage of the large number of earthquakes in Chile and the large number of monitored streams (Mohr et al., 2017) to document the response of multiple streams to multiple earthquakes. We then revisit hypotheses in light of the observations.
Data Sets
We searched for streamflow responses to earthquakes in Chile because there is a large number of stream gauges and there are many large M≥8 earthquakes over the time period with gauging data. In total, there are records from 716 streamflow gauging stations and complementary rainfall records at 802 gauges (http://dgasatel.mop.cl/). Not all gauges have data that overlap with all earthquakes. Here we examine responses to six M≥8 earthquakes that occurred since the M9.5 1960 earthquake (see Table S1 in the supporting information). Both the streamflow and rainfall gauges are clustered in central and southern-central Chile. Given that the rain gauges are not equally distributed across Chile and their number has been increasing over time (since 1940), we considered the five closest rainfall gauges to the respective catchment, which in turn yielded maximum distances of ≤33 km between both. We chose five rainfall gauges to ensure they are close enough to be relevant and capture precipitation events that might affect streamflow.
Methods
First, we visually check the hydrographs for streamflow responses to the earthquakes. To this end, we preselect streamflow data available at the time of the earthquakes. Second, given coverage of rain gauges, we check for potential rainfall effects on streamflow. Third, in the case of data gaps in the rainfall time series, we perform recession analyses to check whether the streamflow changes can be attributed to quick flow or base flow (Blume et al., 2007; Reusser, 2014) . Recession analysis measures the rate of decrease of discharge during periods without recharge, and the rate scales with permeability (e.g., Blume et al., 2007) . We also require that earthquake responses persist and can be recognizable for several days, here for >4 days before the streamflow responses are obscured by rainfall ( Figure S1 .2. in the supporting information).
We characterize ground motion by the PGV because this measure of ground motion is best able to classify whether or not streams respond to earthquakes (e.g., Mohr et al., 2017) . We extract PGV from U.S. Geological Survey ShakeMaps (Worden & Wald, 2016) , with versions and details summarized in Table S3 . PGVs provided by ShakeMap combine the maximum value observed on the two horizontal components of motion. PGV is estimated by converted macroseismic intensity observations using ground motion to intensity conversion equations, with both augmented by ground motion prediction where there are few data (Worden & Wald, 2016) . We do not compare responses with static volumetric strains because a previous analysis of the response to the 2010 M8.8 Maule earthquake and studies elsewhere found no general correlation between the sign of the volumetric strain and the sign of the discharge change (e.g., Mohr et al., 2017) .
In order to extract the total amount of excess water, we fit a groundwater flow model to the observations. The model neglects quick flow since rainfall was not registered nor does recession analysis point to quick flow (in the case of incomplete rainfall time series). We follow previous studies (e.g., Manga et al., 2016; Mohr et al., 2017; by using a one-dimensional groundwater flow model in which excess water is made available, either by changing vertical permeability or releasing water from storage . Both result in a coseismically elevated hydraulic head. We assume that the change in hydraulic head h at position x is governed by the one-dimensional groundwater flow equation
with discharge Q given by
where t is time, D is the hydraulic diffusivity, and A t is the cross-section area through which water discharges into the stream. The aquifer extends from x = 0 at the catchment divide, where ∂h/∂x = 0, to x = L at the stream with h (L, t) = 0. At the time of the earthquake h increases over the region 0 < x < L 0 such that the total excess water is Q excess . The solution for Q as a function of time t since the earthquake is (Mohr et al., 2017) 
where the first term accounts for the base flow recession that would have occurred in the absence of the earthquake and r is the summation index. The model is fit to the daily postseismic discharge measurements predating any precipitation events by minimizing the least squares residual using the Gauss-Newton algorithm implemented in R (R Core Team, 2017). Our modeling approach comprises two steps. First, we model all streamflow responses individually; that is, we fit the model considering the three parameters
, and Q excess (mm). In the second step, we average the catchment-specific permeability values (D/L 2 ) obtained for each individual hydrograph. Hence, we reduce the modeling parameters here to two, that is, L/L 0 and Q excess . Table S2 summarizes the parameterization. We estimate Q excess and relative streamflow increase (%) as a function of PGV using bootstrapped linear modeling to search for scalings between ground motion and the magnitude of streamflow responses.
We also explore threshold value (s) of PGV needed to trigger changes in streamflow. We compare a total of n = 110 responding and n = 116 nonresponding streams with the catchment specific PGVs. In order to separate responding from nonresponding streams, we test several statistical/machine learning algorithms: decision tree classifier (CART; R Core Team, 2017), logistic regression modeling (R Core Team, 2017), and Random Forest (Breiman, 2001; Liaw & Wiener, 2002) . All details are given in Text S1 in the supporting information.
Results
Figure 1 shows the eight catchments for which we could identify two or more responses to earthquakes. The earthquakes that triggered the multiple streamflow responses are the M9.5 1960 Valdivia, M8.0 1985 Valparaiso, and/or the M8.8 2010 Maule earthquake. In all cases, when there was a response, discharge increased. All other earthquakes (Tables S1 and S3 ) also triggered streamflow anomalies. These responses, however, did not contribute to the subset of responses that occurred in at least two streams.
Figure 1 also shows the measured and modeled hydrographs for four representative example hydrographs. All other modeled streamflow responses are shown in Figures S1.1-S1.4. In general, the idealized model (equation (3)) fits the observations well. The corresponding R 2 ranged between 0.58 and 0.97 for the Alicahue @ Colliguay during the 2010 earthquake and the Chillan @ Esperanza during the 1960 earthquake, respectively. We identified different permeability values for the same catchment during different earthquakes (see Table S2 ). This is the case for responses of the Alicahue River for the 1985 and 2010 responses or the Uble River when compared to the averaged permeability values. At the same time, though, the averaged permeability value for the Claro River fits data for all three earthquakes. Figure 2 compares the magnitude of responses, both the peak postseismic discharge compared with preseismic discharge ΔQ/Q and the total excess water Q excess , as a function of the PGV. We do not see a continuously increasing response with increasing PGV, that is, a scaling between the magnitude of ground motion and the magnitude of streamflow increase. Instead, there appears to be a threshold to initiate a response. Figure 3 shows the density curves for both responses and nonresponses as a function of PGV. Our data identify threshold values for PGV separating responding (n = 110) from nonresponding (n = 116) streams. These data points include all streams that responded to earthquakes, not only those that responded to multiple events. Using logistic regression, we obtain a threshold of~11.2 cm/s for p = 0.5 (see Text S1), a value that is slightly higher than for a simple classification tree approach (~6.7 cm/s). Both models, however, have limited performance. The misclassification rates are~34-39% (Figure 3) , and there are responses to PGV lower than these statistically identified thresholds (Figure 2 ).
Discussion
Documenting responses to multiple earthquakes allows us to address some of the open questions highlighted in the introduction. 
Gradual or Binary Streamflow Responses to Earthquakes
Mohr et al. (2017) identified 85 streams that responded to the 2010 M8.8 Maule earthquake, of which 78 increased their discharge. Of these, only eight responded to at least one other earthquake. This, however, is not surprising, because the areas that ruptured during each of the large M≥8 earthquakes largely do not overlap (Melnick et al., 2009; Ruiz et al., 2017; Vigny et al., 2011) and hence the regions with the strongest ground shaking also have little overlap.
In contrast to lab experiments (e.g., Candela et al., 2014) , our results show that the magnitude of responses does not scale with the amplitude of ground motion. Instead, we identify a threshold PGV of about 10 cm/s to initiate changes in streamflow (Figure 3 ). Our findings thus favor a binary response, that is, that streamflow changes occur if ground motion is large enough, but the magnitude of response is independent of the ground motion beyond the threshold. Comparable threshold values (5-20 cm/s PGV) are reported from California . Similarly, Cox et al. (2015) report a threshold for PGA of 0.5% g for springs in New Zealand to respond to earthquakes. Here we do not explicitly explore potential environmental controls on the multiple streamflow responses. A previous study was unable to identify hydrogeological, tectonic, or land cover controls (Mohr et al., 2017) . The strongest predictors for whether a stream responded to the Maule earthquake were PGV and PGA, with the former slightly outperforming the latter (Mohr et al., 2017) .
Mechanisms for Causing Discharge to Increase
One of the objectives of our analysis is to use responses to variable forcing to test hypotheses. We thus compare each of the five classes of hypothesis mentioned in the introduction with the observations.
Static Strain
Muir-Wood and King (1993) showed that magnitude and distribution of streamflow responses to the Hebgen Lake and Borah Peak earthquakes roughly mimic the pattern of volumetric strain computed from deformation models. Similarly, Jonsson et al. (2003) documented a pattern of water-level changes that 
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Geophysical Research Letters follows the distribution of volumetric strain. Assuming that static strain is responsible for the changes, the magnitude of the response should scale with the magnitude of static strain. The lack of correlation of the sign of the response with the sign of the strain for the Maule earthquake (Mohr et al., 2017) , however, does not favor this mechanism as a dominant source for the excess water. This is consistent with findings by previous studies that evaluated hydrological responses to multiple earthquakes (e.g., Manga et al., 2003; Manga & Rowland, 2009; Shi et al., 2014 Shi et al., , 2015 . Hence, we favor dynamic strain as the trigger for responses.
New Fluid Sources
If subsurface barriers are breached, we might expect a threshold in the ground motion. Our findings are thus consistent with this conceptual model. Midcrustal fault displacement processes that expel fluids may increase water temperature and change hydrochemistry (Wang & Manga, 2010a) , though the addition of deeper or new fluids need not change hydrogeochemistry. Owing to the lack of hydrogeochemical and water temperature data, we cannot reject this hypothesis. However, where we have data from previous studies (Mohr et al., 2012) , we do not find supporting evidence.
Compaction and Liquefaction
Based on an empirical magnitude-distance relationship (Papadopoulos & Lefkopoulos, 1993 ) and seismic energy thresholds (Wang, 2007) , liquefaction in many of the catchments may be possible (Figure 4 ). Our observed responses for the Maule and particularly the Valparaiso earthquakes document some of the most sensitive streamflow responses to earthquakes observed worldwide. In our analysis, we consider only peak ground motion, and not shaking duration. The number of loading cycles is a significant factor for triggering liquefaction due to pore pressure buildup (Holzer et al., 1989) and may be a factor in streamflow response (Montgomery & Manga, 2003) . However, duration in regional liquefaction studies is typically accommodated only approximately with a magnitude scaling factor (e.g., Zhu et al., 2017) and is not routinely quantified in postearthquake products such as ShakeMap.
Stronger shaking should cause more widespread liquefaction and consolidation and hence larger responses. We do not see, however, increasing responses with increasing ground motion (Figure 2) . Moreover, surface manifestations of liquefaction are not documented in all the settings with increased discharge (Mohr et al., 2017) , though widespread liquefaction following the Maule earthquake was reported for saturated floodplains up to an epicentral distance of approximately 1,000 km (Verdugo & González, 2015) . Liquefaction was also observed during the Valparaiso earthquake (Algermissen, 1985) and following the Valdivia earthquakes, but the latter is less well documented. Furthermore, responses occurred within headwater catchments of the Andes and the Coastal Mountains where liquefaction-prone sediments or soils, such as sandy saturated soils, are not dominant (Casanova et al., 2013) . In addition, two of the three studied earthquakes (Valparaiso and Maule earthquakes) occurred during the dry season. Taken together, we cannot favor undrained consolidation or liquefaction as dominant processes.
Shaking Water out of Soils
The hypothesis that water is mobilized from the unsaturated zone assumes that ground deformation transfers energy to overcome the matric potential retaining water in soils. One key requirement is a connectivity between the unsaturated and saturated zone (Mohr et al., 2015) . Assuming comparable soil texture, we would expect the magnitude of responses to depend both on the amplitude of strains and the amount of water that is available by shaking. Judging from the literature (Casanova et al., 2013) , however, we can only speculate about the soil texture in the catchments. We neither know the soil water contents prior to and after the earthquakes except for parts of the Coastal Mountain Range (Ghislaine et al., 2012; Mohr et al., 2012) during the Maule earthquake.
Because the Valparaiso earthquake occurred later in the dry season than the Maule earthquake, for similar PGV, we should expect less excess water for the same catchments. This is not what we observe (Figure 2) . Wang and Manga (2010a) ; the violet circles are data from the Maule earthquake, and the M7.1 2011 Araucania aftershock in Chilean headwater catchments (Mohr et al., 2012) ; the green circles are data from Maule earthquake (Mohr et al., 2017) . The orange circles are data from this study. The red solid line is an empirical bound for liquefaction (Papadopoulos & Lefkopoulos, 1993) . The gray lines are seismic energy density (J/m 3 ; Wang & Manga, 2010b) . (b) Seismic energy density estimated for the studied catchments and domains for liquefaction (Wang & Manga, 2010b) and release of soil water in nearly saturated sandy soils (Mohr et al., 2015) .
The earthquakes occurred during different seasons of the year. Hence, comparing saturated soils during austral winter (Valdivia earthquake) with dry soils during austral summer (Maule and Valparaiso earthquakes) is problematic. Nevertheless, we can compare the distinct responses for each earthquake separately. When normalized for the climatic conditions, we would expect either an excess water-PGV or a relative increase-PGV scaling. This is not what we observe (Figure 2) . 5.2.5. Increased Permeability By monitoring the responses of water level in a well to solid Earth tides, Elkhoury et al. (2006) showed that regional earthquakes increase permeability and that the magnitude of permeability changes increases with increasing PGV. Lab experiments similarly showed that increasing the amplitude of oscillatory flows increases the permeability change (e.g., Candela et al., 2014) . We do not see such relationships (Figure 2 ). Though uncommon, decreased permeability after earthquakes has also been reported (Shi et al., 2018) .
Recession constants can be used to characterize the hydraulic conductivity along dominant flow paths, typically parallel to bedding and within the most permeable formations. Recession analysis cannot, however, identify where changes occur nor can it characterize changes in an anisotropic system. Here postseismic changes in lateral permeability are not substantial (see Figure S2 ). We thus argue that enhanced lateral permeability is not the reason for the observed streamflow responses.
Instead, our results are consistent with the enhanced vertical permeability, for example, by breaching impervious geological layers via subvertical cracks or clearing clogged pore throats (Candela et al., 2014) . This model elevates the hydraulic head after water has been released from higher areas enhancing recharge in elevated areas and discharge at hillslope toes, consistent with topographical shape of a catchment that is a response predictor (Mohr et al., 2017) .
Postseismic recovery of permeability may be geologically fast, for example, months (Elkhoury et al., 2006) to years (Xue et al., 2013) . Assuming complete recovery during interseismic periods, we might expect constant catchment-characteristic permeability, and thus, differences between the modeled responses using either catchment-averaged permeability or earthquake-specific model parameterization should be small. This is the case for the Claro river (Figure 1 ) and also Chillan river ( Figure S1 .4). In contrast, other catchments, for example, the Alicahue or Uble rivers, exhibit large differences among the fitted model parameters. Consequently, our study suggests complete recovery of permeability during 25 years for some but not all studied catchments.
Summary and Conclusions
Despite the large number of large earthquakes and gauged streams in Chile, we could only find eight streams with clear responses to two or more earthquakes. This highlights the challenge in documenting responses of a given stream to multiple earthquakes. For the streams that did respond multiple times, we observe that the magnitude of responses does not scale with increasing amplitude of ground shaking. In contrast, our results suggest a binary response with a threshold value of PGV of approximately 10 cm/s, above which the magnitude of the response is independent of the magnitude of ground motion. The conflict with lab experiments that suggest a scaling between permeability change and ground motion highlights the limited transferability of small-scale experiments to catchment-scale studies. Finally, our study has implications for hydrological modeling. We show that the assumed stationarity of catchment-specific hydraulic parameters, such as permeability, may not be a good assumption for studies that cover time periods longer than interseismic periods in areas frequently struck by earthquakes. Acknowledgments M.M. is supported by NSF grant EAR1344424. We thank DGA for collecting data over many decades and then freely sharing them. We ran all computations using the software R. All data are available in the supporting tables or accessible on the Internet as mentioned in the main text and supporting material. We appreciate the constructive comments of two anonymous reviewers and Francis Rengers and Valery Ivanov for handling our manuscript.
